Detection of Peroxisomal Entry and Exit of GFP does not just bind cargo and deliver it to the peroxiand Pex5p Fusions some membrane, but participates in multiple rounds A peroxisome-specific, posttranslational modification of entry into the peroxisome matrix and export to the was used to show that Pex5p enters the peroxisome cytosol independent of the PTS2 import pathway. This matrix. From earlier studies on the protease responsible unusual shuttling mechanism for the PTS1 receptor for the maturation of precursor thiolase (prethiolase) in distinguishes protein import into peroxisomes from rat liver, we knew that its activity is peroxisome specific, that into most other organelles, with the exception of and that a minimal prethiolase processing site (PPS) the nucleus. The processing events at the PPS were observed using involved in peroxisomal matrix protein import.
tion by M1 and M2 antibodies, and location in the Sup fraction show export from the peroxisome matrix to the cytosol.
The use of a substrate without an export signal (GFP) showed that artifactual export into the cytosol did not occur as a result of leaky peroxisomes. Rigorous controls established that the prethiolase protease is peroxisome specific, and does not leak out in a functional form into the cytosol (see below).
Peroxisomal Targeting of GFP Fusions Is Dependent on the PTS2 Pathway
Using fluorescence microscopy in HeLa cells, GFP-SKL, as well as the PTS2wt-GFP fusion, were found to be targeted to peroxisomes via the PTS1 and PTS2 import pathways, respectively. In contrast, the PTS2mut-GFP fusion remained cytosolic in HeLa, Ala-T, and Bro-T cells, showing that peroxisomal targeting of the PTS2-GFP fusions requires the PTS2 pathway (data not shown).
In Ala-T cells, both GFP-SKL and PTS2mut-GFP were cytosolic, but PTS2wt-GFP was peroxisomal, indicating an intact PTS2, but a defective PTS1, import pathway. Figure 1B, panel a) . If the substrate Pex7p for peroxisomal localization of the PTS2wt-GFP was imported into peroxisomes (either via the PTS2 sefusion, and the correlation between pelletable GFP fuquence or an unidentified PTS within the reporter prosions and their peroxisomal localization, show that these tein), it would be cleaved at the PPS by the peroxisomeproteins detected in the pellet are not in aggregates or specific, prethiolase protease. This would generate a on other membranes. smaller, processed protein, which would be detected by the M1 antibody. Assuming incomplete import of the substrate into the peroxisomes and no export, the M2 Peroxisome-Specific Processing of PTS2wt-GFP Requires the PTS1 Import Pathway antibody would recognize both the unprocessed and processed forms in PNS and Sup fractions and only
We asked whether entry into the peroxisomal matrix could be detected using cleavage by the prethiolase the processed form in the Pel fraction, whereas the M1 antibody would detect the processed form in the PNS protease and simultaneously sought evidence for the peroxisome-specific action of this protease. Subcellular and Pel fractions ( Figure 1B, panel b) . Finally, if the substrate was imported into peroxisomes and exported fractions from HeLa cells stably expressing the PTS2-GFP fusions were immunoblotted with M2 and anti-cataback into the cytosol, the processed form would be recognized by both antibodies in the PNS, Pel, and Sup lase antibodies. Untransfected cells did not express any GFP fusion (Figures 2A-2C ). Both unprocessed and profractions ( Figure 1B, panel c) . It should be noted that the smaller size of the processed form of the reporter cessed forms were detected in HeLa cells expressing PTS2wt-GFP (Figure 2A , left panel) and colocalized in fusion, its recognition by the M1 and M2 antibodies, and its localization in the Pel fraction, together, demonstrate the organelle pellet with peroxisomal catalase. In HeLa cells, the absence of any processed peroxisomal import, whereas its smaller size, recogni- Figure 3A, right panel) . However, upon PTS2mut-GFP shows that no processing of the fusion coexpression of the Pex5p fusion with PTS2wt-GFP, protein can occur at the PPS while the protein is cytothis fusion protein was processed, and its cleavage coinsolic either during its synthesis or prior to its transit to cided with the restoration of the PTS1 import pathway, the peroxisome matrix (Figure 2A, right panel) . It is also as shown by the presence of catalase in the Pel fraction evident that the prethiolase protease did not leak out ( Figure 3A , left panel). This is additional evidence that in a functional form from the peroxisomal matrix. The the prethiolase protease uses the PTS1 pathway for peroxisomal marker catalase was primarily in the organperoxisomal entry. elle pellet showing that peroxisomes were intact. These
The absence of cytosolic prethiolase protease activconclusions are supported by additional experiments in ity, when this enzyme is presumably mislocalized to the Ala-T and Bro-T cells where PTS2mut-GFP was cytocytosol in Ala-T cells ( Figure 2B , right panel), shows that solic, but unprocessed ( Figure 2B and 2C, right panels).
this protease functions exclusively inside the peroxiExpression of PTS2-GFP fusions in Ala-T cells prosomes. The peroxisome-specific cleavage of the revided insight into the import pathway used by the prethiporter is therefore a diagnostic hallmark of entry into olase protease. In Ala-T cells, even when the PTS2wt-the peroxisomal matrix. GFP fusion was localized to peroxisomes, it remained unprocessed, suggesting the absence of the prethiolase protease in the peroxisome matrix. In contrast, in Pex7p-
The Peroxisome-Specific Prethiolase Protease Activity Is Sequence Dependent deficient Bro-T cells ( Figure 2C ), both the PTS2-GFP fusions were cytosolic and unprocessed. These results
The protease activity was sequence specific because, in Ala-T cells coexpressing PTS2mut-Pex5p, the prostrongly imply that the protease depends on a functional PTS1 pathway for entry into peroxisomes.
cessed form of PTS2wt-GFP was detected by the M1 In cells stably expressing PTS2mut-Pex5p, we tested whether the processed Pex5p in the peroxisomal matrix This is evidence that the lower molecular weight species is the processed PTS2wt-GFP and that the processing could recycle back to the cytosol. Analysis of subcellular fractions, from HeLa, Ala-T, and Bro-T cells expressing occurs specifically at the PPS. These data also prove that the processing is due to the prethiolase protease PTS2mut-Pex5p, indicated unequivocally that the processed form was detected specifically by M1 antibody because it occurs only at the known cleavage site for this enzyme. forms. The reduction of the processed form from the view of the fact that the peroxisomal targeting of the prethiolase protease is dependent on a functional PTS1 Sup, and its appearance in the Pel fraction, show that the processed form of Pex5p can undergo additional pathway ( Figure 2B, left panel) , it is remarkable that in Ala-T cells, there is no cleavage of the cytosolic rounds of cycling through the peroxisome matrix. Furthermore, it supports the idea that Pex5p is not destined PTS2mut-GFP fusion, even when the protease is also likely to be cytosolic. Finally, as shown in Figure 3B , the for degradation, as a dead-end intermediate might be, either in the peroxisome matrix or the cytosol.
cleavage by the prethiolase protease exposes the M1 epitope on the reporter fusions, proving that the protease acts only at the PPS and nowhere else on the reDiscussion porter fusions. The inability of the PTS2wt-GFP fusion to be exported out of peroxisomes after its cleavage is The PTS receptors, Pex5p and Pex7p, have been reshown by the absence of any processed fusion protein ported to be localized either predominantly in the cytoin the Sup fraction (Figures 2A and 3A, ase resistance of the Pex5p fusion cleaved in the peroxicerevisiae, P. pastoris, CHO, and human cells, Pex5p is some, indirect immunofluorescence, and finally pulseprimarily cytosolic and acts by delivering PTS-conchase experiments. taining cargo from the cytosol to the peroxisome. There
The cleavage of the PTS2wt-Pex5p fusion in HeLa are no experimental data that address how this shuttling cells and the recognition of the processed form by both might occur, although the "simple shuttle" and "ex-M1 and M2 antibodies ( Figures 5A and 5B) , in combinatended shuttle" models represent hypothetical possibilition with the peroxisome specificity of the prethiolase ties. We present conclusive evidence that, in the context protease, show that the fusion enters the peroxisome of the three models for Pex5p function (intraperoxisomal matrix. We were unable to detect any of the unprocessed chaperone, simple shuttle, and extended shuttle), Pex5p forms of Pex5p fusion in the organelle pellet fractions in operates via the extended shuttle mechanism.
differential centrifugation experiments, suggesting that the prethiolase protease acts fast relative to the kinetics of entry of the reporter into the peroxisomes, and that
Features of the Strategy Used to Show Pex5p Shuttling in Human Cells
all the pellet-associated Pex5p must be peroxisomal. The processed, peroxisomally localized PTS2mut-There are three important elements in the method we used to demonstrate Pex5p shuttling in human cells- (1) Pex5p fusion is inside the peroxisomes as shown by the protease resistance of much of the processed protein we were able to successfully drive the import of the PTS2wt-GFP fusion into the peroxisome matrix by the associated with the Pel fraction, under conditions where the peroxisomal markers, cytosolically exposed PMP70, use of a PTS2 sequence from thiolase, (2) we show that the prethiolase protease exhibits peroxisome-specific and matrix-associated catalase behave as expected (Figure 6 ). The differential and sequential permeabilizacleavage of the reporter fusions at the PPS, and (3) the PTS2wt-GFP fusion can enter, but not exit, peroxition data also show that some of the processed form of the PTS2mut-Pex5p fusion, recognized by both M1 somes. The import of the PTS2-GFP fusions into the peroxisomes is strictly dependent on the presence of and M2 antibodies, is peroxisome associated ( Figure  7B ) and inside the matrix ( Figure 7C) . Finally, the kinetics a wild-type PTS2 sequence and on the presence of a functional PTS2 receptor, Pex7p. This is proved by (a) of Pex5p recycling clearly show a precursor-product relationship between the disappearance of the unprothe targeting of the PTS2wt-GFP, but not the PTS2mut-GFP, fusion to peroxisomes (Figures 2A and 2B The peroxisome-enriched pellet fraction was resuspended in the same volume as the supernatant. the minimal rat PTS2 sequence (MHRLQVVLGHL) (Swinkels et al.,  1991) . A degenerate nucleotide was used to generate either the Protease protection was performed essentially as described (Gouveia et al., 2000) . The peroxisomal pellet, recovered after cenwild-type or mutant PTS2 coding sequences (L4R). The second trifugation at 27,717 ϫ g, was carefully resuspended in ST buffer somal membrane, after semipermeabilization with digitonin, the fixed coverslips were treated with 1% Triton X-100 in PBS for 5 min (250 mM Sucrose, 50 mM Tris-HCl, pH 7.4) and equally distributed into several tubes containing freshly prepared Proteinase K (Sigma; and the rest of the procedure was essentially as described above. prepared in 10 mM Tris-HCl, 1 mM calcium acetate, pH 7.5) at a final concentration of 100 g/ml. As a control, 2 mg whole-cell lysate
